A 13-million-year continuous record of Oligocene climate from the equatorial Pacific reveals a pronounced "heartbeat" in the global carbon cycle and periodicity of glaciations. This heartbeat consists of 405,000-, 127,000-, and 96,000-year eccentricity cycles and 1.2-million-year obliquity cycles in periodically recurring glacial and carbon cycle events. That climate system response to intricate orbital variations suggests a fundamental interaction of the carbon cycle, solar forcing, and glacial events. Box modeling shows that the interaction of the carbon cycle and solar forcing modulates deep ocean acidity as well as the production and burial of global biomass. The pronounced 405,000-year eccentricity cycle is amplified by the long residence time of carbon in the oceans.
A ttempts to understand Quaternary glacialinterglacial changes in ice volume and temperature have shown that the coupling between external forcings, the carbon cycle, atmospheric greenhouse gas concentrations, and glaciations is extremely complex. Nevertheless, records from the past few hundred thousand years indicate that glaciations lag changes in the carbon cycle and orbital forcing (1) . An insight into the mechanisms that link these three elements of the Earth system is crucial to successfully modeling past and future climates accurately. A good understanding of the carbon cycle response to external forcing requires data series several times longer than the longest orbital variations, which are on the order of millions of years and which we show here are an important feature of climatic records during the Oligocene.
Although geologically older periods experienced the most prominent transient climatic events during the Cenozoic [(the past~65 million years (My)] (2), records and analyses of high enough resolution and fidelity to provide data of astronomically directed climate variations over longer intervals of Earth's history are rare. The Oligocene is of particular interest because it represents an early "icehouse" epoch that is thought to have commenced with the initiation of large ice sheets on Antarctica (3), experienced extensive variations of sea level (4, 5) , and culminated in a major transient glaciation across the Oligocene-Miocene (O-M) boundary [(~23 million years ago (Ma)] (6) .
Site 1218 Oligocene stable isotope records. Here we present a high-resolution [5 to 10 cm,~4-thousand-year (ky) interval)] climate proxy record (7) (8) (9) spanning the entire Oligocene (~23 to 33.9 Ma), incorporating new and recently published (3, 5, 10, 11) benthic foraminiferal stable isotope data from Ocean Drilling Program (ODP) Leg 199, Site 1218, equatorial Pacific (8°53.378′N, 135°22.00′W, 4.8-km water depth) (12) . The 13-My-long record has been astronomically agecalibrated and is used here to explore the influence of Earth's orbital variations on Oligocene climate. In addition, we include previously published stable isotope data from planktonic foraminifera (5) and new bulk sediment stable isotope and CaCO 3 (13) data along a highresolution composite depth scale (14) (fig. S2 ). The ODP Leg 199 records are complemented by an uninterrupted set of well-defined geomagnetic reversals across the Oligocene, as well as detailed calcareous and siliceous biostratigraphic datum events (12, 14, 15) .
Foraminiferal stable isotope measurements are controlled by a number of processes, including changes in dominant deep-water masses, ocean circulation, and paleoproductivity, which vary between regions. No single site can represent whole ocean conditions; nevertheless, proxy records from the deep Pacific ocean can be regarded as those most closely resembling globally averaged temperature and ice-volume conditions because of the large size of the Pacific reservoir and its isolation from surface temperature variations. The data set from Site 1218 provides a means to tie future records to this high-resolution archive in order to develop a more global proxy record and to further assess the potential role of substantial changes in ocean circulation, for example, in response to opening Southern Ocean gateways and closure of the Tethys Ocean.
The basis of our astronomical age model is a new orbital integration (16) that has been shown (17) to fit geological data, specifically the past 30 My, better than a previous solution (18) , by using present-day values for the dissipative Earth model (19) . Building on the shipboard stratigraphy (12) , an initial astronomical age model was generated from physical property proxy records reflecting the percentage of CaCO 3 contents (14) . This initial age model was then improved using the stable isotope measurements. The astronomically calibrated age for the O-M boundary [~23 Ma, as recognized in studies of Sphenolithus delphix (20) and magnetostratigraphy (21, 14) ] agrees well with independently calibrated ages for this boundary (22) (23) (24) , if adjusted to the new astronomical solution.
Our new single-site Oligocene data set from ODP Site 1218 is presented against astronomical age in Fig. 1 . The composite record displays features on temporal scales from thousands to millions of years, chiefly (i) two large-scale glaciation events bracketing the Oligocene, (ii) substantial longer-term (multi-My) secular changes, and (iii) a striking rhythm corresponding to Earth orbital variations, including lead-lag relationships and the time-evolutive behavior of cycle amplitudes. In this study, we use the term "heartbeat of the Oligocene" for three main observations in the data: (i) a persistent 405-ky eccentricity pacing of the carbon cycle as indicated by benthic d 13 C, (ii) intervals of recurring "glacial" episodes that broadly follow the~1.2-My-long amplitude modulation of Earth's obliquity, and (iii) higheramplitude d
18
O variations during individual short and long eccentricity minima.
Two previously described large transient glaciation events are known as Oi-1 (4, 25) immediately after the Eocene-Oligocene (E-O) boundary (3, 26) , and Mi-1 at the O-M boundary (6, 22, 24, 27) . Under a recent astronomical naming scheme based on the 405-ky cycle of Earth's eccentricity (5), these two events correspond to cycles 84 Eo-C13n (Oi-1) and 58 Ol-C6Cn (Mi-1) (28 C, at periods related to the Earth's orbital evolution. These oscillations are superimposed on longer term (multi-My) changes throughout the Oligocene that prompt us to recognize at least four distinct phases of the Oligocene ( O undergoes a distinct longer-term trend toward increasingly light values over~1.2 to 2.4 My, with peak warmth at this location, or minimum ice volume, around magnetic polarity chron C6Cr. This feature is also shown in data from the equatorial Atlantic (ODP Leg 154, fig. S3 ). Phase IV culminates with the transient glacial event Mi-1, during cycle 58 Ol-C6Cn , which marks the onset of a period of strong and rapid early Miocene climate variability (6, 22) .
Our carbonate content and mass accumulation rate determinations ( fig. S2 ) partly reflect the evolution of the stable isotope records, for example, the rapid increase of carbonate content across cycle 84 Eo-C13n at~33.9 Ma, a subsequent overshoot (3), and maximum carbonate content during the coldest middle Oligocene, within cycle 67. During the middle Oligocene cold phase, d
O reaches heavier values than during either the Oi-1 or Mi-1 events. This observation points to two possible scenarios: Either the record at Site 1218 is not a perfect recorder of global carbon cycle dynamics, temperature, and ice volume, or there are additional factors that influence the overall evolution of climate, independent of the detailed orbital configuration, such as weathering patterns, deep water mass reorganization, and tectonic processes.
The pattern of orbital-scale oscillations superimposed on multi-My trends in the Site 1218 stable isotope record reveals an Earth system that appears sensitive to Earth's orbital variations (3, 5, 6 O also shows correspondence of high isotopic values during periods of lowobliquity amplitude variations, except during cycles 63/64 and 78/79. Oi-1 experiences a temporal delay with respect to low-obliquity amplitude that is presumably related to the initial establishment of large ice volumes on Antarctica. This observation was made previously during the middle Oligocene (5) and the Mi-1 event (6). The observed pattern correlates the most extreme d
O events with low-amplitude obliquity variations (marked in Fig. 1) , and minimum eccentricity (a near circular orbit). This pattern is important in that these Oi-glacial events (4) have been correlated with sequence stratigraphic studies to estimate magnitudes of eustatic O isotopes (dotted line). Values close to -1 mark near-circular orbits (minimum 405-ky eccentricity). Also marked are absolute 405-ky eccentricity cycle numbers, counted from the present, following the naming scheme of (5) . (E) Obliquity, and obliquity amplitude envelope (in degrees), from (16 (5) holds throughout most of the Oligocene (Fig. 1) , with additional events that do not appear to be correlated to astronomical forcing.
Time series and spectral analysis. Power spectra for d
O and d 13 C (Fig. 2) (29 and 54 ky) . Because of its length, our data set allows us to trace intervals carrying a signal of climatic precession with higher statistical significance than has been possible in previous studies (3, 6) .
Phase estimates between astronomy and data ( Fig. 2C) C shows increased lag times for correspondingly longer periods, a behavior that we are able to model as part of this study. A similar pattern has been recognized previously in late Oligocene records (6, 22) . This observation is compatible with the long residence time of carbon in the oceans [~0.1 My (31)] that transfers energy from climatic precession into eccentricity bands through a nonlinear process, resulting in a frequencydependent phase lag of d 13 C. We also calculated evolutive spectra for d O. All three precession frequencies intermittently appear in the evolutive spectra, and for d 18 O the 19-ky amplitude variation follows the predictions of calculated eccentricity. The strength of the climatic precession traces are at least partially related to higher sedimentation rates, with more consistent responses where sample resolution is higher, mostly~24 to 27 Ma. However, during the earliest part of the record (3), the response to climatic precession is weak, despite higher mass accumulation rates that occurred after the dramatic shift in the depth of carbonate compensation (3, 32). O time series, determined by the multitaper method (43) . Before analysis, records were linearly detrended, and a Gaussian notch filter removed periods longer than~1 My. The time series was interpolated at the average sample resolution (~5 ky).We show coherency estimates between data and astronomical eccentricity, tilt, and precession mix (ETP), using the Blackman-Tukey method, with 280 lags (10% of series from 20.5 to 34.5 Ma). The 99% (solid) and 90% (dashed) confidence levels are shown. d
13
C shows a relatively stronger signal at the longer eccentricity frequencies. (C) Blackman-Tukey cross-spectral phase estimates between stable isotopes and ETP curve, converted to lag times in ky (with 95% confidence intervals) (39) . For climatic precession, obliquity, and short eccentricity, the phase angles are essentially zero. For long eccentricity (405 ky) periods, there is a relative lag of -d Box modeling results. A previous modeling study that focused on the E-O transition found that an imposed astronomical forcing has a considerable effect on the Earth's climate system (33). Loutre et al. (34) demonstrate that climatic precession and obliquity are the dominant astronomical periods in insolation calculations that use the traditional Milankovitch summer insolation hypothesis, with only a very minor contribution by Earth's eccentricity periods. Our data for the Oligocene, in contrast, exhibit an unexpectedly strong~405-ky signal in d
C as well as in the carbonate flux. The mismatch between the strongest periodicities in most insolation calculations and the climate system response recorded in our data prompt us to evaluate the response of the carbon cycle to astronomical climate forcing. We do this by using a suite of carbon cycle box models, with the aim to gain a better understanding of how astronomical forcing terms are transferred through the carbon cycle. We modified two previously published carbon cycle box models of varying complexity [Model A (35) ; Model B (36)] and combined them with astronomical forcing time series to investigate whether we can qualitatively explain basic features of our data (37) .
By first applying a white-noise signal as forcing input, we established that fundamental properties of both models are the preferential amplification of lower-frequency components and the attenuation of higher-frequency components, resulting in a red-noise transfer function from model input to output (37) . In the models used, sea-level variations influence the weathering of silicate rocks directly by changing the land area available for weathering on Antarctica and indirectly through the change of carbonate ion concentration. We currently do not model the influence of sea-level on basin-to-shelf fractionation (38) and the deposition of carbonate on shallow shelf areas directly. This process would exert additional positive feedback between sea level and the carbon cycle. Figure 3 shows the model response to astronomical forcings that are dominated by climatic precession and obliquity. We found that applying astronomical forcing terms to globally averaged temperature alone does not result in a response of both d
18
O and d 13 C, as observed in our data. Yet, a good match between model output and our data is achieved by also applying astronomical forcing to key components of the carbon cycle. Specifically, we force the effective solar constant in the model by simultaneously applying scaled annual and boreal (65°N) summer orbital insolation changes. The actual temperature is then calculated as a function of both solar constant and carbon dioxide concentration. Here we use 65°N summer insolation to obtain a representative model response for a larger suite of possible insolation forcings (34) . The same result could have been achieved by applying a seasonal insolation curve from lower latitudes with a smaller obliquity imprint. For the carbon cycle, we use seasonal insolation to modulate the downward flux of particulate organic matter (loosely termed "productivity"); during warmer climates, this downward flux is reduced.
By forcing both global annual temperature and carbon burial in the model of (35) by a synthetic insolation curve, we are able to reproduce the strong~405-ky cyclicity seen in our d 13 C data. Interestingly, some of our model configurations show that by imposing a gradual decrease in atmospheric CO 2 levels some time before the E-O transition, similar to (33), we obtain a rapid onset of glaciation at the time that it is observed in our records. We find that onset of glaciation is independent of the exact timing of CO 2 reduction and is triggered by astronomical forcing as soon as atmospheric CO 2 levels are close to a threshold value. Our model results therefore confirm the view (33) that a decrease in atmospheric CO 2 is a possible mechanism to explain the record across the E-O transition.
Within the astronomically driven carbon cycle we also investigated the possible response of the oceanic carbonate ion (CO 2− 3 ) concentration by combining astronomical forcing terms with the more sophisticated model of (36) , which includes individual representations of the Atlantic, Indian, and Pacific deep oceans, the thermocline, surface waters, and carbon reservoirs. In this case, we forced global temperature by the annual and mean monthly summer insolation (65°N) and carbon burial by mean monthly summer insolation (Fig. 3C) . We are able to reproduce a strong eccentricity-driven response in the modeled lysocline depth (Fig. 3D ) from a forcing term that is dominated by climatic precession. The model output matches the first-order features of our sedimentary CaCO 3 content record, which we interpret as a proxy for lysocline depth variations on orbital time scales.
Global carbon cycle implications. Earth seems to "breathe" on time scales ranging from the annual to the orbital. We hypothesize that in all cases these cycles are driven by the expansion and contraction of biosphere productivity in response to changes in solar insolation. Our modeling studies show that the main reasons for the strength of the 405-ky cycle in the carbon isotope data appear to be the long residence time of carbon in the oceans amplifying longer forcing periods, as well as a smaller contribution attributable to the dampening effects of dissolution of sea-floor carbonate on the shorter-term forcing. In addition, we find that applying astronomical forcing to key variables of the carbon cycle, rather than to temperature alone, is necessary to model the principal features of our data set, adding strength to the view (1) that the effect of orbital forcing is imprinted upon paleoclimatic records through an influence on the carbon cycle as well as temperature. Human influenza A (subtype H3N2) is characterized genetically by the limited standing diversity of its hemagglutinin and antigenically by clusters that emerge and replace each other within 2 to 8 years. By introducing an epidemiological model that allows for differences between the genetic and antigenic properties of the virus's hemagglutinin, we show that these patterns can arise from cluster-specific immunity alone. Central to the formulation is a genotype-to-phenotype mapping, based on neutral networks, with antigenic phenotypes, not genotypes, determining the degree of strain cross-immunity. The model parsimoniously explains well-known, as well as previously unremarked, features of interpandemic influenza dynamics and evolution. It captures the observed boom-and-bust pattern of viral evolution, with periods of antigenic stasis during which genetic diversity grows, and with episodic contraction of this diversity during cluster transitions.
I nterpandemic influenza causes substantial morbidity and mortality in humans. Annual winter epidemics yield cumulative attack rates between 10 and 20% for influenza A (subtypes H3N2 and H1N1), and influenza B infections (1) and contribute heavily to deaths caused by respiratory infections worldwide. The virus is capable of evading immune recognition through continual antigenic drift of its surface glycoproteins, hemagglutinin (HA) and neuraminidase (NA), complicating long-term control of the disease through vaccination (2) . An understanding of the ecological and immunological processes driving influenza dynamics and evolution is therefore critical for anticipating and ultimately mitigating the effect of this infectious disease. Here we focus on the phylodynamics (3) of H3N2, which has been present worldwide since its pandemic appearance in 1968.
One of the most striking characteristics of influenza A evolution is the limited standing diversity of the HA gene, despite the virus's high mutation rate. This limited diversity is evident in its phylogeny: The tree consists of a long trunk with short side branches that are indicative of high extinction rates of the lineages (4) (Fig. 1A) . Epidemiological factors that contribute to this pattern include the short infectious period of the host and partial cross-immunity between similar strains (3). However, the most detailed model of interpandemic influenza to date suggests that these factors alone cannot account for limited diversity and that temporary strain-transcendent (generalized) immunity is necessary to restrict diversity (5).
More recently, differences between the genetic and antigenic evolution of the H3N2 virus's HA glycoprotein have been highlighted (6) . A key unexplained pattern is that, although genetic change is gradual, antigenic change is punctuated. HA inhibition (HI) assays show that H3N2 sequences fall into groups, or clusters, with unique antigenic properties. Between 1968 and 2003, these clusters emerged and replaced each other within 2 to 8 years, exerting a major influence on vaccine strategy (2) . Empirical evidence suggests that there is almost complete immunity between strains within a cluster (7) . In contrast, cross-immunity is as low as 60 to 85% between clusters adjacent in time (7, 8) and is undetectable between temporally distant clus-
